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Hartree-Fock-Bogoliubov (HFB) theory is generalized By eliminating the restriction to quasiparticle vacuum states.
However, the fundamental HFB transformation to quasiparticles is retained. The theory is formulated in terms of
the quasiparticle density matrix R, but, in contrast to conventional HFB, there is no restriction to vacuum densities

R*=R.

I. INTRODUCTION

Recently, Hartree-Fock (HF) theory was gen-
eralized to apply to nondeterminantal densities,
while retaining the essential HF approximation
of one-body dynamiecs.!*? This new generaliza-
tion exploits the fundamental role played by the
group U(nz) of unitary transformations in the n-
dimensional single-particle space, both in charac-
terizing the restricted space of HF densities and
determining the dynamical law on that space.

For example, in ordinary HF, if p is a fixed,
but arbitrary, determinantal density (p®=p), then
every other determinantal density is in the unitary
orbit of densities,

0,={gng *lgc UM)}. (1)

This orbit may be regarded as a surface in the
space of alldensities and atime ~-dependent Hartree-
Fock (TDHF) solutionis a curve lying inthis surface.
Ateachpoint on the surface, the HF Hamiltonianis an
element of the Lie algebra of U(n), i.e., a one-
body operator, and has the geometrical interpreta-
tion of a tangent vector to the surface at the point.
Furthermore, the Lie algebra structure gives O,
the geometry of a symplectic manifold or phase
space, and the TDHF equations are identical to
classical Hamiltonian equations of motion.

In the extension of HF defined in Ref. 2, the
space of states is again an orbit O,, but p is not
required to be determinantal. Thus, all possible
orbit surfaces in the space of densities are ad-
missible. The generalized HF Hamiltonian also
has the geometrical interpretation of a vector field
tangent to the surface O, and is, at each point of
O,, a one-body operator. Moreover, the phase-
space structure persists for the general orbits,
and dynamics is determined by the classical Hamil-
tonian dynamical law. Since the surfaces O, are
co-adjoint orbits of U(n), the interrelated group
and symplectic structures on it are no accident,
but rather reflect a general theorem applicable to
co-adjoint orbits of Lie groups.3~®

In this paper, Hartree-Fock-Bogoliubov (HFB)
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theory is generalized using analogous ideas. The
relevant group for HFB is O(2r), the orthogonal
group in 2n dimensions.®'" Its Lie algebra prop-
erly contains the one-body operators spanning
u(n), the HF algebra. In addition, the O(2x) alge-
bra includes the fermion pair creation and pair
annihilation operators. Thus, the HF B Hamil-
tonian is an element of the orthogonal Lie algebra.
The proof of these facts is reviewed in the appen-
dix; reviews of HFB have been given by Goodman®
and Mang.®

In place of the density p, one now considers the
generalized HFB density R and its co-adjoint or-
bit,

Op={gRg | g< O(2n)}. ()

In conventional HFB, the density is idempotent,
R?’=R, since it corresponds to a quasiparticle
vacuum wave function. Moreover, every density
in the orbit Og is idempotent, (gRg™')?=gRg™*,
and, conversely, every quasiparticle vacuum de-
fines a density in the orbit Oy with R a fixed idem-
potent, but otherwise arbitrary, generalized den-
sity. Indeed, the co-adjoint action R~ gRg™ ! re-
fers to the transformation of the density induced
by the quasiparticle transformation associated
with g€ O(2#). But, every quasiparticle vacuum
may be obtained from a fixed quasiparticle vacuum
wave function by an orthogonal quasiparticle basis
transformation.

It is useful to adopt a geometrical viewpoint with
the density matrices. Consider Og, the orbit of
quasiparticle vacuum densities, as a surface con-
tained within the space of all possible generalized
density matrices. The exact Hamiltonian A may
be regarded as a vector field which is directed,
in general, off the surface. On the other hand,
the HFB Hamiltonian Hyg is a vector field which
is everywhere tangent to the orbit surface. Sub-
sequently, it will also be shown that this surface
is a phase space (symplectic manifold) and that
Hyrp is constructed from H by projection relative
to the nondegenerate symplectic form. An HFB
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solution is defined as a point on the surface for
which the HFB Hamiltonian is the zero tangent
vector.

Physically, constraint to an O(2#) orbit surface
means, by definition, a restriction to quasiparti-
cle dynamics. This is because the generators of
the orthogonal group are precisely the generators
of quasiparticle transformations. The crucial
point is that this physical interpretation applies
not only to the orbit of idempotent quasiparticle
vacuum densities, but also to every O(2z) orbit
surface. Hence, we are led to consider the con-
tinuum of all possible orbits O each of which de-
fines constrained quasiparticle dynamics. Only
one of these surfaces in the space of all general-
ized densities, the orbit Oy with R?= R, demands
that the densities correspond to quasiparticle
vacua. The general orbits provide the framework
for the generalization of conventional HFB inves-
tigated in this article.

The plan of this paper is to define the phase
space structure on the generalized orbits in Sec.
II. In Sec. III, this symplectic geometry provides
an explicit construction for the generalized HFB
Hamiltonian from the exact Hamiltonian. A dis-
cussion of this generalization closes the article.

II. CO-ADJOINT ORBITS

The Lie algebra relevant to HFB consists of
the Hermitian bilinear projects of fermion crea-
tion and annihilation operators. Because of the
symmetrical way in which the creation and anni-
hilation operators enter into HFB, it is conven-
ient to define the 2z operators df, 1< a<2n,
where for the first z operators d} =al, the crea-
tion operator for the single-particle state a, and
for the last n operators d, =a,, the annihilation
operator for the state . We assume, for simpli-
city, that the single-particle space has finite di-
mension n.

An element Z of the orthogonal algebra o(2n) is
given by

2=%Zﬁzasd;dﬂs A 3)
[+3

where Z is an Hermitian 27X 2n matrix of the form

Z= ( . )s (4)
Yt -xt _
with X Hermitian and Y antisymmetric.
Fundamentally, a generalized HFB density R is
an element of the dual of the Lie algebra o(2x),
i.e., a real-valued function of Z€ 0(2x1). To be

explicit, let R denote the HFB density matrix
corresponding to the many-particle state @,
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Rop=(@|dtd.®). (5)

Thus, in terms of the HF density matrix p and the
pairing tensor ¢,

r=(P ! (6)
f 1-p ’

where
Pap™ @) Iazaaq» ’
ta8= <<I> |a Bau<1>) .

(M

Then, R defines a linear real-valued function of
zZ

R(Z)=@®|28)=1itr(RZ). (8)

The quasiparticle transformation of the many-
body states & — 2@ for g€ O(2n) induces the so-
called adjoint action on the Lie algebra,

2~ gz‘g-l=Z;Aa,(Z>aad2ds, ©)
[+4
since

dl (g)= gd;§_1= Z,: dar'ga'tx ’
o

. (10)
dy (g) = gdag—l'_‘"z g;ll!' dyr
o
and the adjoint action on 0(2n) is defined by
Ad, (2)=gZg™ (11)

for all Z€ o(2x) and g€ O(2n). As reviewed in
the Appendix, the quasiparticle transformations
£ form a subgroup of the 27X 2n unitary matrices
isomorphic to the orthogonal group O(2x).

The adjoint action induces the co-adjoint action

Ad} on the generalized densities,
Ad}(R)=gRg™*. (12)

This co-adjoint action is compatible with the ac-

tion of O(27) on the many-particle states,
Ad}(R)(2)=(2%| Z23). (13)

Note that in order to use conventional physics no-
tation, R and Z are Hermitian, whereas in mathe-

‘matical literature the dual elements R and the Lie

algebra elements Z are skew Hermitian. How-
ever, this discrepancy is purely notational and
has no deep significance.

In order to define symplectic geometry on the
orbit surfaces, it is first necessary to character-
ize O in a manageable way. Note that if & is a
state with fixed particle number A, then the pair-
ing tensor is zero. Moreover, by a unitary trans-
formation of the single-particle basis, the HF den-
sity p may be diagonalized. Therefore, the physi-
cally relevant orbits are enumerated by the set
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of Og as R ranges over the diagonal generalized
densities, . )

0 .
R=(p ), p=diag(v,, Vs, ...,V,). (14)
01-p

The quasiparticle vacua form the orbit with
p=diag(1, 1,...,1, 0,...,0). The generic orbits
correspond to densities with distinct occupancies,
ve#vgfor @#p, and v, +vp#1, 2, va=A.

An orbit surface Oy is in one-to-one corre-
spondence with the coset space of O(2%z) modulo
the isotropy subgroup at R,

Hp={ne O(2n)| R *=R}. (15)

The identification of the coset space with the orbit
surface is given by

O(2n)/Hg~ O,

gHp—~ gRE™". (16)
This mapping is clearly onto the orbit. It is also
one-to-one, since if g, and g, define the same den-
sity, g,Rg;t=g,Rg;", then g;'¢, € Hy and, hence by
definition, g, and g, are in the same coset, g H;
=g,Hp.

Geometry on each orbit is determined by the
Lie algebra o(2n). Fix a diagonal generalized
density R and its orbit Oi. Every Lie algebra
element Z in o(2r) defines a curve 7, () through
the point R and lying entirely in the surface Oy,
%(t)=exp(tZ)Rexp(—itZ). The tangent vector to
the curve 7, at R may be identified with Z itself.

Note, however, that the elements of the iso-
tropy subalgebra hj define zero tangent vectors.
This follows because if Z€ hy, then exp(itZ) is
in the isotropy subgroup H; and, hence, 7,(¢)=R,
a fixed point. Therefore, nonzero tangent vec-
tors must correspond to a complementary sub-
space to kg in 0(2xz). Although no unique choice
for this complementary subspace presents itself,
a convenient selection is given by the subspace
hg orthogonal to ky relative to the Killing form
k. The tangent space at R is given by

ni={ze o(2n)| (2, 2") =tr(22")=0, amn
for all Z’€ hg}.

Consider next the description of the tangent
space at an arbitrary point gRg™ ' on O,. Once
again, every Z< 0(2n) defines a curve through
that point, viz. exp(itZ)gRg™ exp(—itZ). But,
zero tangent vectors are given now by Z€ ghpg™?,
i.e., Z=gZ'g"', Z'c hg. Hence, the tangent space
at gRg™! is identified with the orthogonal comple-
ment (ghgg™ ) =ghy g™ =Ad, (h}).

In order to complete the geometrical picture of
Og, it only remains to define the symplectic struc-

ture. The symplectic form w at the point gRg™* on
the orbit Or is an antisymmetric form defined on
pairs of tangent vectors Z,, Z, at gRg™! by

-1 -
ngg“l(ZU Zz) E_z_tr(gRg 1[Z],, Zz]) . (18)

In the special case of the orbit of quasiparticle
vacua, this definition agrees with that defined for
surfaces of wave functions in Ref, 1,

ngg—l(Zl, Zz)= “l<g‘q)| [21; 22]§ ¢> . (19)

The orthogonal group is a group of canonical
transformations of Oy because the symplectic
structure is preserved,

W(Zy, Z,) = weg,-1(Ad,(Z)), Ad,(Z,)) , (20)

for pairs of tangent vectors Z,,Z, at R. A key
property of w is that it is nondegenerate at
every point, i.e., if w,p,-1(Z,Z’) =0 for every
tangent vector Z’, then Z is the zero tangent vec-
tor.

The existence of the nondegenerate form w im-
plies that every orbit Oy is even dimensional and
can be coordinatized by canonical coordinates g,
p;, if so desired. Moreover, the specification of
w is equivalent to a Poisson bracket operation on
Ogl[3].

Consider the concrete application of these gen-
eral ideas to the various orbits. A basis for the
Lie algebra o(2x) is given by

Qup=2""2[Ep+Epa) = (B, +n+ Epimcsn)l,
forn=za=8=>1,

Pyg==i27*[(Eys ~ Ego) + (Ecuun,m = Epm,am) ] 5

905=[Eopn—Ep,om) = Eain,s = Epin,a)]

Dap= ‘i[(Eoc,Bm - EB,cHn) + (Eocm,ﬂ - Eem,a)] ’

forn=a>g>1,

(21)

where E g denotes the 27X 2z matrix whose only
nonzero entry is one at the intersection of row a
with column B.

For the orbit of quasiparticle vacua, the iso-
tropy subalgebra equals

hg= span{Q,,,,:, By Qopts Poprs don » Pph} ’ (22)

where 7, i’ range over the hole states, the first

A vectors with unit occupancy, and p, p’ run over
the particle states, the last n — A vectors with zero
occupancy. Thus, the complexification of iy is
just the span of a,‘:a,,:, a;ra,,, a,a;, and aIa;[. One
may show that Ay is isomorphic to the Lie algebra
u(n) of the unitary group U(n). In particular, im-
portant subalgebras of hy are also unitary alge-
bras,



u(A) = span{Qyy+, By}
u(n - A) = span{@,,+, Py} . (23)

The isotropy subgroup is given by exponentiation
of the algebra, H,=exp(ihy)= U(n). Moreover, the
dimension of the quasiparticle vacuum orbit is
dim O =dim O(2n) - dim U@)=n(2n - 1) - n®
=nn-1).

Note also that the isotropy subalgebra which
fixes the quasiparticle vacuum density R contains
precisely the operators which fix the correspond-
ing determinantal wave function itself. Hence, the
vacuum quasiparticle densities are in one-to-one
correspondence with the vacuum quasiparticle
wave functions.

The tangent space kg at R is computed to be

hyx= span{Q,,,, Prny Gunts Pans Dopts Ponth s (24)

and its complexification is hence the span of

alay, aya,r, a,a,s, and their Hermitian conjugates.
The symplectic form at R is zero for each pair of
tangent vectors in Eq. (24) with the exception of

Wr(Qpny Pon) = =wr(Pppy Q) =~1,
Wr(@nrs Panr)= —WpBpnry G?)=+1, h#h’, (25)
Wrl@ppr, Pppr) = =wr(Dppr, Gppr)==1, D#P’,

It follows that w is nondegenerate at R.

The tangent space at gRg™ ' is ghpg™ ', which is
spanned by {Qpn(g); P,(8), ann7(8), Pan(8), a5pr(2),

Dy (@)}, where Q,,(2) =£Q,,g™*, etc. Since theortho-
gonal transformations are canonical, Eq. (20), the
symplectic structure w at gRg™' assumes the .
same form with respect to the basis
Qu(2),P,(8), - .. as it did at R with respect to

the basis @,,, P, - .., Eq. (25). Thus, w is non-
degenerate at every point on the orbit O.

In the case of the generic orbits, the isotropy
subalgebra is given by the diagonal matrices in
0(2#), and its complexification is spanned by
{a;aa -3, @=1,2,...,n}. The generic isotropy
subgroup is U(1)x...xU(1) (n copies). Hence, the
dimension of the generic orbits is dimOg=2n(n - 1).

Observe that the isotropy algebra elements which
fix a generic density R do not fix the corresponding
nondeterminantal wave function . Indeed, there
is only one O(21) generator which fixes &, viz.
Y«lalay - 3). Therefore, the O(2r) orbit of wave
functions has dimension #(2n—1) -1, and the
correspondence between the orbit of wave functions
and the orbit of densities is many to one.

The tangent space 43 at R is given by the ma-
trices in 0(2xr) which have every diagonal entry
zero and thus equals

hg= span{Qu,g, Py 9aps Pap,n=a> B> 1}- (26)
The only pairs of tengent vectors for which the
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symplectic form is nonzero are

Wr(Qus, Pup)= =wr(Pyp, Qus)=Vo — Vg, (27)

wn(qaﬂ’ Pop)= _wR(paBy qO(B) =vy+vg—-1.

Therefore, for the generic orbits, the form is
nondegenerate.

Once again, the tangent space at gRg™! is
ghig™"; it is spanned by {Qus(8), Ps(8), 9us(8); Pusl),
a> ). Moreover, the symplectic form takes the
same nondegenerate representation at gRg™! as
at R, c.f. Egs. (20) and (27).

III. QUASIPARTICLE DYNAMICS

Due to the symplectic structure on the co-ad-
joint orbits of quasiparticle densities, classical
Hamiltonian dynamics is defined on them. The
crucial approximation is that the time develop-
ment of an initial density R is a curve con-
strained to the orbit Og. But then the tangent
vectors to such curves at any point are elements
of the orthogonal Lie algebra. The set of all tan-
gent vectors to these constrained curves form the
generalized Hartree-Fock-Bogoliubov Hamilton-
ian,

One would like to inherit the generalized HFB
Hamiltonian from the microscopic interaction, as
is achieved in conventional HFB. First, how-
ever, the usual HFB Hamiltonian is derived for
the orbit of quasiparticle vacua. ‘

Quasiparticle vacua

Let @ be a Slater determinant and al,a,
be the single-particle fermion operators with
respect to which p=diag(1,1,...,1,0,...,0) and
R is diagonal, Egs. (6), (7), and (14). At the
point g&, the exact Hamiltonian H defines a
curve (f)= exp(—iHt)g® of states through the
point g8, which are not in general quasiparticle
vacua. Thus, H is not tangent to the orbit of
quasiparticle vacuum wave functions. On the
other hand, the Hartree-Fock-Bogoliubov Hamil-
tonian Hyg®) is a vector at g& which is, by de-
finition, tangent to the orbit surface and, there-
fore, an element of the orthogonal Lie algebra.
Equivalently, because of the one-to-one identifi-
cation with the orbit of quasipartitle vacuum den-
sities, the HFB Hamiltonian is a vector field
Hys(€Rg™) on the idempotent density surface.

The energy function on Oy is the expectation of
the exact Hamiltonian,

H(gRg™ ") =(3®|Hz®), , (28)

and its derivative in the direction of Z€ 0(2x) is
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d A | B BN A N
a3e(Z) =~ (exp(~it2)2% | A exp(-it2)2®) |,
=-i(2®|[H,2]g®). (29)
The HFB Hamiltonian is the element of 0(2zr) sat-
isfying

were-HurdgRg ™), Z) = d3¢(2), (30)

for every tangent vector Z in o(2n), c.f. Ref. 10.
Since the symplectic form is nondegenerate, there
is a unique solution for the HFB Hamiltonian,

Ig{l-ﬁgRg—l)aB= (ra _75)—1<§¢I [H’ dg(g)da(g)]gq:') ’
(31)

where 7, denotes the diagonal entries of R, Eq.
(14), or

BrdgRg Vap=(r —7s) 0| [27'HE, dbd,]®)  (32)

Writing H explicitly as
n n
H:Z fl:,Ba’f,as+% Z VaB'yﬁalaEaaay
oB aBYs

=z; T(g)wsdig)ds(g)

2n

5 20 V(D dd@dh)as(@dy(e),  (33)

where
T(g)aﬂ=i: Boor Tars &ps »
B (34)
V(g)xsys = t 8aor &b Varprysi&yy&st s
alB'-y'sl
Then, g 'A% is given by Eq. (33) upon the substitu-
tions dl(g)~ d; and d,(g)—~ d,. After evaluating

the commutator and expectation in Eq. (32), the
standard HFB Hamiltonian is obtained,

Hye A
RurdgRe™)=8""\ _px _pt_) &> - (35)

where

. n
(Hyp)us= Ty +MZ: Vausy Puy 5
v

n

Z VaBuutuu .

117

(36)

(MBS

Ayp=

Note that the HF Hamiltonian and the pair potential
both depend upon g, since p and ¢ do:

1

p t ) Vn Fa
(tT 1-pt)8 1-v,

1-v,

37)

where the occupancies v, are zero or one for the
quasiparticle vacuum orbit.

Generic orbits

In order to derive the HFB Hamiltonian on the
generic orbits, the same construction is applied
that proved successful for the orbit of quasiparti-
cle vacua. All that is required is the specification
of the energy function on the generic orbit Op;
the HFB Hamiltonian then follows immediately by
reasoning similar to that in Eqs. (29)=(35).

However, the energy function cannot be just the
expectation of the exact Hamiltonian, c.f. Eq. (28).
The difficulty is that, in contrast to the quasipar-
ticle vacuum orbit, the correspondence between
the orbit of states and the generic orbit of densi-
ties, g&- gRg™!, is not one to one. Indeed, every
state of the form 24 as h ranges over Hy is map-
ped onto the same density gRg™'. But, the energy
expectation { h® | Hgh®) varies, in general, with
he Hp. Thus, the exact Hamiltonian cannot be
immediately transferred from the orbit of states
to the generic density orbits.

The simplest resolution of this ambiguity is to
average the energy over the states. Therefore,
the energy function on the generic orbit Oy is de-
fined by

5(gRg™) = f,, du () give| iz . (38)
'R

The invariant measure on Hy=U(1)x - -xU(1) is

do, de, . do,

dp (h)= 2r 27w 27 °

(39)

Following the construction in Egs. (29)-(32), the
generic HFB Hamiltonian is given by

Hypo(8RE o= (¥ = 75) ™"

x f,, dp (n)is| [ &0z, dldo) 1) . (40)
R
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For the one-body part of A, the integrand is in-
dependent of k€ H, and averaging produces no ef-
fect. There is no ambiguity in transferring an op-
erator in the o(2n) algebra from the orbit of states
to the orbit of densities. On the other hand, the
two-body part requires averaging. Here one needs
to use repeatedly the equation

f du (h)he| alata yaafl@
Hp

= (6 a5567 - 60&7 655)@: l a; aaa.’ﬂ'aﬁq))' (41)

The final result for the HFB Hamiltonian on the
generic orbits is

o H, A X Y
Hyel(gRg™ M) =g 1" g+ , (42)
. —A% —Hip -y -xt)

Xae=§) [V()esss — V(Ehuats = V(@psas + V(oaas
+ V(g)bddb + V(g)d Sa B](Rgﬂ = Vé) » (433)
x;a{, [V(@as05 = V(&avs = V(&) 8505+ V(&)saaa

+V(@paas + V(&asar)(Can— vs) s (43b)
REg=(vy—ve) @ |(alay - alag)alas®), (44a)
Glg= v+ v —1)"%@ | (alay +alag - 1)alas®) , (44b)
and a=a+n, b=B+n, and d=06+n.
HFB solutions

An HFB solution is a critical point of the energy
function on the orbit Oy[9]. Hence, at a solution,
d3e(Z)=0 for every direction Z in 0(2n), Eq. (29).
But, from the nondegeneracy of w, this requires
the HFB Hamiltonian to have zero matrix ele-
ments corresponding to every tangent direction,
Eqgs. (24) and (26). In particular, for the generic
orbits, the HFB matrix must be diagonal at a
stationary state. Even for the quasiparticle
vacuum orbit, although not required by the theory,
it is customary to completely diagonalize the HFB
matrix for the sake of convenience.

When constraints are imposed, then the La-
grange multiplier method is used to locate the
critical points. For example, consider the con-
straint on particle number A. A constrained HFB
solution is a critical point of the energy function
restricted to the submanifold of O given by

{gRg™ € Op|N(gRg™) = A}, (45)
where
N(gRg ") =tr(gRg™'N),

(46a)
w=(1 9
00

defines the expectation of the number operator in
0o(2n),

> a;aa§r<1>> . (46b)
a=1

There exists a real number A, the Lagrange mul-
tiplier, such that this constrained solution is a
critical point in Og to 3¢—AN. Hence, d3C(Z)
—AdN(Z)=0 for every tangent vector Z in o(2n).
But, from the nondegeneracy of w, this means
that the matrix ‘

Hyrp(gRg™') — AgNg™* (47)

is diagonal at the critical point.

N(gRg™")= <.§<I>

IV. DISCUSSION

A generalization of HFB has been achieved which
is not restricted to quasiparticle vacua. The gen-
eralization begins with an arbitrary many-body
state ® and chooses a single-particle basis so that
the HFB density matrix R is diagonal. Then, the
coefficients RSg and G{g are calculated, Eq. (44).
The generalized HFB Hamiltonian, a vector field
tangent to the orbit Og, is given by Eq. (42). A
generalized HFB solution with the usual constraint
on particle number is defined by a quasiparticle
transformation g in O(2x) and a Lagrange multi-
plier X satisfying Eq. (45) for which the HFB
matrix is diagonal, Eq. (47).

In the case of the quasiparticle vacuum orbit
generated by a Slater determinant ¢, this con-
struction reduces to the usual HFB theory. How-
ever, when R?#R, a new class of theories are ob-
tained by this construction. The numerical solu-
tion for the HFB stationary states is achieved
most easily with the Newton method. !

The average energy on the orbit surface is only
one of the possible energy functions which deter-
mine a generalized HFB Hamiltonian, Eq. (38).
For example, another sensible choice for the
energy on Oy is given by

30(gRg™")=min( 2k | Aghs) . (48)
neitg

Which energy function is best is determined by
the functional dependence of the energy expecta-
tion on %z in Hp. If that expectation is only mildly
dependent on %, then both energy functions are
similar. The average energy is preferred then -
since it is easier to compute. However, if the
energy expectation is a strongly dependent func-
tion of % in H, with a sharp, deep minimum, then
Eq. (48) is more suitable for zero temperature
nuclei. At nonzero temperatures, yet a third
energy function is presented by weighting the in-
tegrand of Eq. (38) with the Boltzmann factor.

It would be interesting to investigate the BCS
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limit of this generalization. Note that the ideas
used here also permit a generalization of the
SO(27+1) model. 2
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APPENDIX

Several results of a mathematical nature are
collected into this Appendix. The isomorphism
between the orthogonal Lie algebra 0(2x) and the
algebra of bilinear products of fermion operators
is demonstrated by explicit construction of the
invariant inner product. See Refs. 6 and 7 for an
alternate basis dependent proof. The 0(2x) alge-
bra is then embedded in #(2n) and expressed in
terms of the conventional HFB formalism.

Isomorphism

Consider the real Lie algebra of skew-adjoint bilinear products of fermion operators,

bl(n) = spanR{(cocB - éﬂa )s i(éaﬂ + CB cc)’ (AocB - EBOJ; i (AdB + EBa )} ’ (Al)
r
where But, this transformation leaves invariant the inner

Cop=alas— 304,
Aa8=a;ag, (A2)
Baﬁ =0aqy0ap,

and al, a, are the fermion creation and annihila-
tion operators for the single-particle state a. It
shall be proven that bl(z) is isomorphic to o(2r),
the real Lie algebra of the group of orthogonal
transformations on a 2rn-dimensional real vector
space V,,. )

Let V,, denote the real span of the self-adjoint
fermion operators,

ey =2""2(a, +a}),

ea+n=i2-1/2(aa - a;) ’

Ven= {§=§ (Exlo + EonCain)y &€ R} : (A3)

Choose any normalized wave function ® and define
an inner product on V,, by

&, en=@ {10, 8,8'e V. (A4)

Since the anticommutator is a multiple of the iden-
tity, the inner product is independent of the choice
of & With respect to the basis, e, e,,...,e,, the
inner product defines the identity matrix and,
hence, is nondegenerate.

The group given by exponentiation of the bl(zn)
algebra acts on V,, by

Von=~ Van s
¢~ exp(2)s exp(~2), Z€ bl(n). (A5)
This transform of { is an element of V2 because
[¢, Z]€ V,, and
exp(2)c exp(-2)=£+12, €l4q7 12, (2, 61+ -
(a6)

product since
{exp(2)¢ exp(-2), exp(Z2)¢’ exp(-Z)}
=exp(2)¢, t'texp(-2)
={¢,¢'}. ‘ (A7)

Therefore, it has been proven that the transforma-
tion (A5) is an orthogonal transformation of V,,. .

At the Lie algebra level, bl(n) infinitesimally
preserves the inner product,

([Z, &), en +4¢,[2,8' D=0, (A8)

and bl(z) is isomorphic to the Lie algebra of the
orthogonal group.

It is interesting to note that a similar argument
shows that the bilinear products of boson opera-
tors is isomorphic to the symplectic Lie algebra
sp(n, R) (Ref. 13).

The isomorphism of bl(z) with o(2r) immed-
iately determines a representation of bl(n) by
2n X 2n skew-symmetric matrices,

Cap 3f o0 =) 'i(E“B+EB°9>, (a9)
i(EaB+EBa) (EOLB_EBG)
. %((EQB—EBU) i(EaB_EBOt)>’ (AlO)

o

i(Eqg— Ep) —(Eqp—Eso)

~ E,g-E —i(Eyp—

BozB"é ( aB Bot) 7'( aB EBO()>’ (All)
~i(Eqp—Eps) —(Eqp—Egy)

where E g denotes the #Xn matrix whose sole

nonzero entry is one at the intersection of row «

with column 8. '
Embedding of O(27) in u(2n)

Conventional HFB is formulated with respect to
the basis {a, a} of V,,, instead of {ey, €qsn}. In
order to express the 0(2x) algebra in the conven-
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tional basis, it is necessary to make the unitary
basis transformation given by the matrix

1 /1 -i
A=—m ) (A12)
7(7)

This transformation embeds 0(2xr) as a subalge-
bra of u(2zn), the algebra of skew-adjoint 2rnX2n
matrices:

0(2n)~ u(2n),

oo AL (Eqp—Ego) -i(Eas*"an))Ar:(Eas 0 >
i(EOLB+EBa) (EaB-EBO() 0 —Eﬁa

(A13)
and, similarly,
- E,s—E
Agg (O Ees=Esa) (A14)
0 0
= 0 0
By~ . (A15)
Eu—Eg, O

Hence, a Hermitian operator Z in the complexi-
fied bl(n) algebra,

2=; (XaBéaB"'%XxBA\aB*'%Y;BB?aB) ’ (AIG)
o

with X Hermitian and Y antisymmetric, is repre-
sented by the 27X 2n Hermitian matrix

z=(% Y>. (A17)
y" -xt

An important inner automorphism of o(2z) is
given by

Z~AZA™ = -2t (A18)

where

)

Orthogonal group O(2n) C U(2n)

A qua51part1c1e transformation g€ O(2r)C U(2n)
must make A'gA a real orthogonal matrix. Hence,
we may write

g=(" V), (A19)
¥ u

with g'g=gg'=1. Note also, since exp(iZ) is a
group element, that AgA™'=g*,

In conventional HFB, the transformation to
quasiparticles is completed by the transform

J=<_p 1-p> p=diag(1,1,...,1,0,...,0).
tmeop (A20)

Then, the generalized density is given by

R-—J(p 0 >J=<0 0). (A21)
01-p 01

A group transformation in this formalism is re-
written as,®®

U
( V>=Jg'. (A22)
V* .U*

This transform by J only simplifies notation for
the quasiparticle vacuum orbit and offers no ad-
vantages for the general orbits. It has not been
employed in this paper.
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